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al~.hilcclu]c  lhal  CfIII also  011’cI  III(NI of lIIC (JIIICI lisld advanlag, cs of C;PS Icccivcls  in low-I Larll) orl)il,  il m a y  lx’
lx~ssildc 10 inrlu(k  su~h Icvci\cr on laly,c conslcllaliol)s 01” coll]mctc’ial  satcllilcs ctcatinp,  an ]wlrntia] Soult’c of vast
scicllc’c (Iillil.

path
—

SIIa<xxI:Ifl aIId Sl)il[’CC.lal’l illsl IIIIIIclll dcsiy,l]ct> ll]usl y,i\w ]lI{~]wI c(~llsidclali(~n to (IIC colllinuull]  of o]jliom 111:11  seek
10 I);llilllC(’ oll-co]llliulil  l~,” 1)(’1  I’ollllallul”  ;illd “cost’”  cc>llslraillls. ‘1’yljicfilly, llIL’ “costs” arc po\vcl  collsulnplioll, nlass,
a s  \vcll as ii~ltlill C(M{ {~1 LIL~\Iclol)III(’111,  l’:ll)lica(i(lll aII(l (CSI.  Jl)l, is ittvcsligytlilt~, scvcra] (il’S )cccivcr arcllilcclulcs
IIlill alc lcadily S[xlcallle  and ofltt :1 {’(j]t\’ullitlll \va y (JI’ Itadiny, oft }l(~\\’cr/((~sl/l]lass constraints againsl navigation
prIf(JII)JaIIvc tcquitclllcl]ls. l’(rlotma]lcc call Irfcr  It) Ic’ill-lilll(’ ]msili[~n accutdcy  as \\’cll as ullimalc  knowkdg,c  of lIIC
otl~il p,aiwxl llIIou#I illclusit~n ol gIt~uIId IICl\\r(~Ik data aIICl ])c~sl-l)r(~ccssill~, 01~ 111~ &V(~Lllld. ‘1’hc archilcclulcs  prcscnlcd
hctcill  addlt$s  Ix)lh dcfilliliom.  ‘1’hcy al{ illlc[ldcd  10 (11’I’CI  Iltc Sl)il(’(’ Syslrlll  d e s i g n e r  a \\ridc-range of clwicc \vlwn
itt(’iusio]t (jl’a I’liy,ltl (il’S ltx’rive] is dcsilcd.

‘1’IIc silnl)lcsl tccci\’ct archilcclu[c i s  illuslialcd ill l;i~!,urc 4 .  1( oftcrs sintp]icily  a]d cxlrclncly  Iov.’ ]wwcr
, “J’l)is  Icduccd  pmvc;  is achir\~cd  by oIlly collcclin~,  very shorl  l imec(~[wuln]~lioli  in cxc.ltalt~,c I(>I  It’dllc’cd  ii(’(’lll;l (’}’.

saIII])lls  [JI’ (i}N  d;ila a  fcw Iiillcs  ])CI [~ll)il (WC l:iy,utc ~ [CII (lrllit [Icclllacy  dcgladalio]l \\’llCll sl)arsc  CiI’S (1:11:1  alC

w e d ) .  W h e n  IIIC  oplio]lal  (il’S l)IoccsM)I is illcludcd, il w)ul(l (~lwIalc  01) llIcsc s[(lrccl l~ils fiflc] ca{’h [x)llcclion  Ii]ur,
scqucltlial[y lllakillp,  111 Cil Sllll’ll)L’[l(S  I(II cac’li visil)li Sill Cllil C i]] lurn,  and  f ina l ly  }lt(ducil]g ii po in t  posili(~n.
Olltcl\\’isc, in cx(’hanKL’ 1’()] c\, cII lllcllc sill]])licily  a  Id lLJ\\’cl  powc]  consull]]~lioli, lIIC oll-l)oill(l” p] LK’CSSol  call  IK’
clilnillillcd  and lIIC sl[II1’d (il)S siy, tlal saIIII)lcs wLIuld lIc lclc  Il)clclc(l  10 lhc gIoumi  li)r pm{ l)l(wcssilly,.  ‘1’his opliolt
It>(lu(”cs S})acccl;lfl illllollolll}, ” ill~’lc’ascs d(n!’l]lilll< lxlld\\’idlll  llqt[iici[wnls, altd iltlr(du{cs lalcll($y in o:l)it  updalcs;  all
01” \vhicll  n)ay Iw acccl)(al)lc  [kII  sl)a(xx’fal”]  \\ ’ill) su\Ju It jx)\\’tl/ll]ass lilnil:tliolls. IN iiddilioli,  (his  silnp]c illc’llilcclllrc

(all (d’fcI an lo\v (’(>s1,  lx IvkIlp  In(xlc I(J a Ily Iliy,h[ t(’tci\’ct;  al ;IIIy tin]c a slmtl  illlct\lal  of anlcnlla  dala can  Iw caplulcd
illl(l d(~\vl\linkcd I(J lllC y,l(~lllld 1’01 alla ]ys”is il 11(1 11( ’:11111 aSSCSsll)Clll. ‘I”his alchilcclutc has 1101  ycl 1)~’clt dcmomslralcd,
ImI I) CII”OIIII;IIIC( lIas I)U,SII  \cIific(l ill cxJIIIllutcI silllulati(]lt  (SCU  icx[ il((ol))]);)])yit)g J’i{:ulc  ?).
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‘1’IIc ltigl]ly LXJIIfigIIIal)lC at(hi(cclu]( is I)asrd  011 IIIC p,c(dclic  qualily,  Cltl;ll-fr((]tl(lluy  gtou  IKJ tc(”civcl  dcvclolm[ by
J1’1 ,. As SCCII in }~i~,tltt S, (IIC co]li’ip,(ll:liit~ils ofl’c I ii IaIIy,c of l)crf(}rll]fl]! cc/j)  tl\\’cr co]lsull]pliolt  coml)tomiscs. ‘1’IIc
(i I’S/h4111’  :IIId OCISIC(I  [Jiy,ll( lvccivcl>  d(\(iol)IIIcIII (x[wriclt{cs l)ilv~ lr(l I() IIIC sl’\Jclal of 111(’ Jwy ;Idvii]lc’cs Ihal

Clwl)lcd Ibis atchilcc’lut{.
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G1’s 1):!1:1
I’r(lducl.

(Jplink
‘Iklcr)mlry

[Jplink
l’1l;l <(,

Irc(]ucllcy
l{cfcrcm

III (lIL> :It(’:t 01” gI<III IId sysl(’II)\  1“()] d:Il;I co]l)l)]tli~ic;llit)lls, JI’I , l]il~  ICC1’IIlly dcII)OI)SIItitC(! ii potcnlial  ‘1’clcmclry irIId
“1’]:] [kinp, Syslc]ll  \\’llich lx~nsislccl 01’ ii I[l\\’ Cthl (<$?(Klk)  v’ciillwl  s:llcllilc  glt~ulld l~ackillg  sl;l[ion.  ‘1’llc ])tlrlmc Of
Illc syslcll]  \\’il  S Ull:ltlclldcd  :111(1 tx)lllillu(lus  Ic’t IiC\’ill [II’ scicl]cc  dillil lclcll]clc]cd l’r<~m IOW-1{:11111  orl~i[ers. 3’lIC

clt’ll](~llslr~tli(~ll SII(WCd llIal :1 \w~lksliili(~l\ c(JIIIIollcd the sys[c II~ ~iil] ;ILIIOIIC)IIICILtSly tctricvc NOllAl~-])l]lJlisl]ccl,  klII -
lc\Jcl s]  IiIcccIall  cphcll~(’lidcs  \i:l colnlnclci;ll  ]JIILJIIC  Ii[lcs ;IIKI :tlllol]l:ilic:tlly  lr:lck ;IIId rccci\w  scicllcc lclcmclry Iron}
slwcificd  c;Irlh o]l)ilers  dul illp, o\wrfli@s cII’ Iltc p,toulxl sl;]li~)ll local  io]}. ‘J’hc ;Iddilionai  fcatulc of this  dcn~ollslmlio])
\\vIs  [he :lu(t~ll]:tlic’ dislrilmlion 01’ llIc d(nv]llillkcd  data 10  (he }wrsowl  Compulcl  of the cop,nizalll  Prillcipill  S c i e n c e
Itl\J(’sli~:illor,  iIlstJ  \ia coll)l]]clcial  pll(lm’  Iillcs  I 12].

Nlltl)lllhl A1.’l’l’l’lll)lt  ltAlt’1’11  ORII1’I’NI{  A1’l)I,I(:A’l’IONS

‘1’IIC  “tl])\\’ill  (iS-l[)okill~,’” G1’S c(~]]f’iy,tll;t[it]ll cllll)loycd  lkII kw-lirrl]t orl)ilcls is suilal>lv olIly 1’(,1 orl)ils uj~ 10 illNIUl

3(100”  kIII.  AIx)\,c (Ilis  :Il(i((l(lc  (il’S si~lt:l] \,isil)jli[y  fIt)III :1 ?(,llit]) ]militilig aIIICIIna I)cgins 10 dcg,radc and il IWCOIIICS

:l(l\J:t  lll:t~:Col  l.\  10  Clt)j)loy  2]) :I(ldilioll:ll  illll  Cllllil  ill ;1 “clo\\’1)-lo(Jkil]~,”” Colll’ip,ll]  :llioll”  I 1  3].  1:[)[ lI)C clo\\’11-lookil)~,

::(’o]nrlty,  (he [~]l)ilillp, met dilltls IIlc tc{ci\’i[ty, illllC’1111:1  d(J\\’11 l(J\\wlds k) lkllh  ;Ild  Iracks  the  G P S  salcllilcs located
(~11 lilt’ I’;lt sidl ( ( i i ’ S  s;llclli((s l) I(x I(lcasl  a I)C:II]]  \\fhicll  is  sliy,hlly  \\’idcr  tllilll  lhc all~!le \\hich (llc Iilr(h Sltl)lclds.  ).
“1’llis Icclllliqur  (1’or IIIC 3( KK-NKN  kill ;Illiludu I;IIIy,c) II;Is IIOl yc( lIccll dc]lmnslr:l(cd  ilt all ;tclual  flight  lcsl  and  il
]I]ip,lll ](’quitu dilcc’li(~lull ill~d  SICClill)lC  flighl  ;Illlcllllas  (itl cmltlt:tsl 10 [Itc 11s1121  fixed  lt[’]l]isl)l]crir:il,  nllith l o o k i n g ,
il])t(>]]l]ti), A ll]ilgi)ific(l  ;I[l[](wpllcriu (Iis{(}riiolt cl’kc( is :Ilso cxpcckd. l;]]] iilly, GPS  si~, i)ills  \\’ill lx’ \vcakcr since  lhcy
]11 Ll\l Il;l\’{’l ;I lit II IICI  disl:tlt(c  :Illd  1111’  llill;l  \\’{~111(1  lx’ Silll)])l  L’(i  II L)l)I  III(’  Cdgl’  of lI)C Cil’S I)rtwdc;isl I)C;l Ill I)211CI Il.

IIl(;  ll I; Al{ ’I’ll 01{111’1’1;1<  ‘I’IL(:l INOI,  ()(; II;S

At altitudes  alx)vc  N,O[)[)  kIII,  IIIC  visil)ility  ()[”  IIIC  G P S  si~,nats  dc~II:Idcs ~:lpidly ;IIId IIIC gcomclry  IWCOIUCS
illc]l;isinp,ly  ]Ml(ll ;1s the use] Sillcl[il  C nlovl’s  ;l\\’ily  frt)m Ihc li;Illlt,  lc’~,:tldlcss of ll]c 2111(  ’])IMI  poilllillg  col]figutalion.
A  IICLsd I’r)r ]~ttcisc  posi(io[iillx  sclvices ;II IIICSC  (xIIcII~tly IIigll ;Illi[udcs  cxis(s  aIImn~, IIIC p,cosyllcllr(~llotls” spacccralt
(~Il)i[iItlL ;II iili it](i(lldc ()]’ 30,()[)() kII).  II is f’01 IIIUSC  illl(l  IIiy,hcl ;il(i[tl(lc  il])l)lic:lti~)!)s  ([]1) to 150,()()() kIII) 111~1  J}>l , lI~S
dcvclojx’d  {i]% -likt lt;tc’kill{~,  ((ii ;1’,), illus(t:llld ill t:ip, utc ‘/, :111  alJ})ItmLll \vl)itl]  txllloils  Ci}’S ill ;I dccidully diffctcnl
\\’;l~ Illilll  IIIC Icclllliqurs  (Jullillcd illN~\’C I{J].

‘1’IIc  (;I .’1’ ;IIJ])I();ICII  [’(II  llit~ll-l;ill’11)  ol[)ilrt~  tcj)l[Iccs l[It’ usual  f]i~,hl G1’S rcceivcr <111  I]IC IISCJ SIMCCCI;  II’I will) aII ]{a Ilh -

Iminlillv, It;ll]slllil[cl  I)C;IC(JII  \\’llt)sC sig[l:tl Sltllclllt{  is S’llcll lllill  it Cilll  IX ])llil  SC lrackcd, ;Ilollg w i t h  Cil’S si~,nals,
usinp. a ~,lol~dlly  dispcrsrxl  nclw’()]k (JI’ “ cllh;lll~(d”  ~l{~lllld G1’S receivers .  ‘1’hc configutali(~ll  illllStlillCd  in I;igute  7
illso slto\\’s (1IC si]l~il:lrily Ix’lwk’l$n Iligll-liatlh  (Jll)ilcr ald Ci}’S  salcllitc orl)il clclt’ll]]i]l;lli(~ll. In I)rillcil)lc,  Illc ;Icculacy
t~f lli~,h-lin](h s;itcllitc  (~tl)i(s should apl)r(~;lcll III;II  of Ci}’S  sa{clli[e  orl)it dctcrll~il]i](i(~l]  ( rout inely  dctcrl]lincd  l~y J1’1.
:Illd sc\’cral  olhcl  ;Illalysis  Cc’[llcts It) Iwllcl lha II 50 {“ill). 111 lhc Gl,’1’ lcchlliquc,  plccise CiPS  lltickitt~, 011 lIIC gtouml
sct\lcs 1[> Calil)lalc  111(’  (liil  (l<’lily  S, syll(lltolli7c  (’1<)(’1+  l)rl\\~rcll  sloli(~lls, ;tltd ;tcx.(luttl  lo \~4rious {~colhysi[vl  }J;llillnclcrs
(Iikc s(:lli(~]l  c{)(~tdil];llts).
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Ill  addilit)ll  1[) l~r(~vidin~ alxJ\’c citlilllaliolt  l)il~alt)CICIS  101111’ “1’111{S  tracking Syslclll,  Illc G}’S gl(~ulld lccci\x’rs  also
j)ctli~]l]) lIw plc(’isc  p h a s e  ltackiily,  t~l lhc ‘1’lJRS  Ku-lxilld  s]}:lccc-rafl-l [)-gl(~llllcl  link.  l;igu]c  9 illuslmlcs t h i s
Cal)ill)ilily, \vllich  Was a d d e d  (0 all cxisli[l~, g,co(lclic-(]llill ily CiPS rcccivcr I)y (I1C dcvdoplllcll(  tilld ittclusiol]  of
additional  clccl~t~nics :titd sol’iwwr c.. ‘J’hc clcclr{~]]ics cmlsislcd  of n small, Ku-lmml  IIorll antcnm  (opc]~in~,  dimcllsiom
1 7  X 14 cli~) a]d a Ku- 10 1.-t)ii]~d (lolv]icoll~t>ricr,”  boih  dcvclopcd  at J}’l,. ‘1’hc ‘1’I)RS  SGIJ,  aflcr Iiamlalio]l  tO 1{-
txlld,  \\’as pO\\’cr combimxl  \\ ’ill) Ihc GPS 1 .-t}aml si~,t] a]. ‘1’hc rclalivc  pow’cr lcvc]s  of tltc IWO sigl)fils w’crc scl  s u c h
(hat Sigtlal-lo-Noise Ralio 10SSCS  \vc Jc ]]~illii]~i~cd.  III addili[~]l, t h e  ]cccivcr v.r;is  tiuglhcl~lcd  \\’ill] soflwurc, alsO
dc\~cl[)pL4 l~y .! 1’1,, \vllich  ll~casurcs  illld  IccOIds  llIC phsc 0(’ lIIC “1’1>1<S  SC]], with  Itlc sall]c  sub-mm prccisiOll  ad
rc’uci\’cl lilnc-slaml)  ;is Gl)S car] icr ])liiisc IIlc:IstIIC’IIIc  I)ls. ‘1’his al)ili(y  01’ (Itc rccci\’cr  archilcclure 10 permit illlcgralion
d’ S(;1, lrit(.kill~:,  coupled  \\rilh lhc pO\vcrlul  calil)jaliotl Icalu]ls 01 prccisiOl]  (il’S tracking,,  Icads  Inosl  si~nilicalilly
I(J llw sin~plicily of t h e  ‘1’1)1<S  p,toulld slaliolh.

“linlIiIncwl” Cil’S  Rcccivcl

r . $ ‘II )1{s (Ku bald)

E31: ‘J’I)RS
2: (;1’s

H

3: (11’s
4: (il’.s
5: (;[’s

H

(): (;1’s
7; (;1’s

Eixzl

];ip,u]c 9 :  (k~llll)~)llclll diilp,  tall)  1’01 lllc (i] .’!’ gtOlllld It;lckil]g  slalioll 1’01 ‘1’1)1{S,  illcludill~,  IIIC
“cllh;ill(cd”  Cil’S  t(cti\c] \vhirh sil[lllll;ll[c(~[lsly t[:i(ks  ‘I’l JI<S alonp, \vilh  CiPS salcllilcs, l;O1 Ihc
‘1’1)1<S  S{;1 ,, \vllicll is ill 13.”/31  (;} 1/, il Sllltlll  SC])ill;ll(’  illllClllIil  \\’ill] d(~\\’11 C(JIIVL’IICI \\r:l S il(ldl’d.

AIi(~IIlcI key [t;l{urt [)1’ lIIC (il ‘l’ [racki[lp. s(ali(llts  Mcd I’()] lhc “1’l~RS dc]m)llslralioll i s  Ihc ;Il)i lily 10 rcln~ltcly
]m~]lilol  o])r]atiolh ad d(J\\’lll(Jil(l  dala ill illl ault~lll:ilic, UII:IIICII(ICCI  l’aslliOll.  “1’hc  loll~, Ic]il] cl’lccli\’cllcss  Hld ]c’lial)ilily
of SilCll  il lIil  Ckillg  sl;lliol)  Ililh alll’ildy  I)cl’11  dL’l)]tJ]lsll:llcd ill Illc :1111011011  ]011s illld  continuous opcratio]l [J1’ {tic lCiS
llcl\\’Olk (it’ Ovcl 50 p,lolmlly disl(ibulcd [;l)S lta(’kill~ SlillioJIS [18].  ‘1’Jlc  lGS  llilc’killf, slaliolls iltli i(lcnlical  10 lhC

‘1’I)RS clcl]](~]lslr:lli{)ll  Ilackilly, sl;lli(lm  cxcc])l 111:11 ItIcy hck lhc  ‘1’I)RS spccilic illllCIll12  and  cl(l\\’l\co]l\’crtcr  ha Kl\\’ilrC.
“1’lILy, ill I’acl,  alrl;  Idy  cx)llldill  [II( M)l’l\v;II{I  IILucs\aIy  10 II;ICL  a  hiy,ll-f~ltlh  (lrl)ilct  SCi I.. ‘1’his  Sof(ii’ilrl’,  It(m’cvct,  i s
[1()( illv(lkcd  dltril)t’,  m)tftt;tl (;l)S-OJtly  ol)ctalioll.”

J1’1 ;S tccllm~logics  I’L)I l~;ll-tilllc  ald ]x~s( I)ILKXSSCLI ~]ll}it  (ltlcl]l]i]l:lli(~]l l’i~t ILtrlll orl)itcts o(’ v a r i o u s  iillillld~s h:IVC
t)ccll otlllillc(l  ill (his  ]): Ipc I. LJsc  01” LILlill  IMIIKI (;1’S d i l l s  I’It)lll tllc “1’C)I’tiX/l’osticloll” lo\v-I{ar(h  orl)ilcr I’lip,hl
illsllulllclll a n d  illc”<llj>(llitlioll  01’ lilt’ r~du(~d  dyll;lllli(” Icchlliquu  L’illl  ]~)ulilwly a n d  aul[~malically  })lodllcc  o[l)ils
a[cula(c 10 a (’c\\J ccil[il]lctct~  ill altitude  aIId  10-?()  cclliill~clcls LJVCIIIII. A  clc]]]olls(r:l{iol~” \\’i[h IIIC ‘ 1 ’ 1 ) 1 < S S
(x~llslcll;ili(~ll  slI(J\\cd  11];11 II)c ( i } ’ S - l i k e  II;l[killy, dal;l, Collll)iilcd \\ Jilt] lall~c  dala ;Illd {il’S  (Ialil  a(lit]~,  10 <’:llil)[alc  ~

II UIIIIICI  ( I I ’  (.lili(vl  l);ttit]l)(lCl,\,  ]) IodIIi’Cs  gcosiatiollilly”  ()]l)i[s  wi{l)  IKIICI  (Iliill  5[) ]]]CICI ;icclllacy. l!) addi(i~>]~,  J} ’1,’s
du\’t’lt)pllllill  0 1  a  Ilip.11 I)tucisioll  tccci\lt 10 Ill:ikr allll(~sl)llciic  Iadio  (~c<’ullatio]l I] Icasu[c II IcIIls h a s  Icd 10 a
[’[)l]liy,ll  lill)l~ lccti\ll il Ic’llilcclul{ \\’llich Ut)uld {J1’(c]  a divclsc cll(}icc 01’ l’lif,lll Ic{’civcrs I(J Illc spa(’1’ syslc]l~ drsignct.
Illxidil)p,  ()]) Il)r ;]llilud~ 01 Illc h;llcllil{, L)II [Ilc c(~inplcxily  (aid cosl) of’ lllc syslclu, a n d  011 llw Iilnc d(’lily  ill
l)t~dllci[lg  ItSIIIIS, C;l’S-t~il~~(l {iiiCkil]~, syslc II)s  C;III l~t~~\,idc orl)i[ k]]()\\’l~(lp,(’  ;II IIIC c]]]-l~\Jcl or  ill IIIC lC\JCl  0 1 ’  a f~\\f

lIIIII(IIC(IS (~1” IIICIIIS. l;xl~clilllcllis ItCCII[ly cal[icd L~tI( ii( J }  ’ l ,  lI:IVL’, in J’acl, dcmo]isll:)lcd Ihcsc  capl)ilitics for
s;ilcllilcs ill l(J\\’-tk]lll  I(J y,cosla(ioilaly”  ;Iililudcs,  \\’i Ill a \\’idc I)lt,adlh  01’ pl(xx’ssillg  sl]alcp,  ics rallgill~, from dcliliicd
p(lst-1’il analysis ILJ ct)llll)lc[c  il~llolll;l(ioll.” ‘1’llcsc cxlwlin~cills  ll;t\’c illcluclcd lllc dc\lcl(J])lllclll  of” llc\\’ llilld\\’tire’ :111(1
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